We investigate the ref lection near the reststrahlen band of the optical phonon in bulk GaAs in the time domain, using time-resolved terahertz spectroscopy. We find that the dynamics of the ref lection measured for GaAs differs strongly from the ref lection dynamics that would be expected for a TO phonon with a frequency-independent dephasing time.
In the past decade time-resolved terahertz (THz) spectroscopy has emerged as a new technique for investigating the interaction between far-infrared light and matter. This technique has been used to investigate the far-infrared dielectric response of gases, 1,2 liquids, 3 and semiconductors 4, 5 and to study classical optical phenomena such as the Gouy phase shift 6 and light scattering. 7 An essential advantage of time-resolved THz spectroscopy over conventional cw infrared spectroscopy is that the electric field of the far-infrared radiation is sampled only during a very short time interval of a few picoseconds, which permits total suppression of the thermal background. Furthermore, the phase sensitivity of this technique makes it possible to obtain direct information on the real part of the dielectric function. In this Letter we investigate the dynamics of the dielectric response near the optical phonon resonance of GaAs with time-resolved THz spectroscopy. We find that these dynamics differ distinctly from the dynamics that would result from a purely Lorentzian-shaped phonon resonance.
The experimental setup is shown in Fig. 1 . A 15-fs laser pulse from a mode-locked Ti:sapphire laser is split into excitation and probe pulses. The excitation pulse is focused on a ZnTe crystal with a thickness of 30 mm for generation of a THz pulse through nonresonant difference frequency mixing. The generated THz radiation is collimated by use of an off-axis paraboloidal mirror and refocused on the sample surface at an angle of 45 ± . The samples are semi-insulating bulk GaAs and InP. Near the phonon resonances these materials absorb strongly, making it impossible to study the dielectric response by measurement of the transmission of the THz pulse. Hence the ref lection of the THz pulse is measured. Near the lattice resonances the dielectric susceptibility of GaAs is characterized by a forbidden gap for the propagation of light. As a result the ref lection at frequencies between the TO and the LO frequencies is high, giving rise to the so-called reststrahlen band, which ranges from 8.0 to 8.9 THz for GaAs.
The THz field ref lected from the sample surface is recollimated and focused on the electro-optic detection crystal. The THz waveform is measured by the polarization change as a function of the time delay between the THz and the probe pulses. 8 As a detection crystal, we use a thin ZnTe crystal with a thickness of 20 mm to obtain a broad sampling bandwidth.
In 
where R͑v͒ is the complex field ref lectance for a p-polarized wave and E i ͑v͒ is the spectrum of the incident pulse. The complex index of refraction N for the Fresnel equation for the ref lectivity is given by 
where e`is the background dielectric function of electrons and n and k are the conventional index of refraction and the extinction coeff icient, respectively. The frequencies v LO ͑v TO ͒ are the LO (TO) phonon frequencies, and G is the damping constant that determines the linewidth of the TO phonon. If we compare the calculated waveform with the experimental waveform (the bottom and middle traces, respectively, in Fig. 2 ), it is clear that at early delay times the comparison is good but that at later delay times the calculated waveform is more strongly damped than the experimental waveform. In Fig. 3 the delay dependences of three frequency components of the incident and ref lected THz waveforms are presented. These delay dependences are obtained with a sliding window Fourier transformation with a window function given by cos 2 ͓p͑t 2 t͔͒, where 20.5 ps , ͑t 2 t͒ , 0.5 ps and t is the delay. Comparing the delay dependence of a particular frequency component of the ref lected transient with that of the incidence waveform shows whether this frequency component acquires a delay on ref lection from the semiconductor surface. Clearly, a disadvantage of using a time window is that the frequency resolution will be limited. However, the frequency resolution is still sufficient to permit one to distinguish the retardation of frequency components below, in, and above the reststrahlen band of GaAs. For a comparison of the delay dependence of a particular frequency component the incident and the ref lected THz waveforms should be in perfect overlap. The inset in Fig. 2 shows the detailed overlap of the two transients at negative time delays.
For frequency components below (4 THz) and above (12 THz) the reststrahlen band of GaAs, the delay dependences in the ref lected and the incident waveforms are quite similar, and there is a difference only in the amplitude of the signal. That this is so implies that these frequency components are hardly delayed upon ref lection from the GaAs surface. In contrast, for frequencies within the reststrahlen band of GaAs (8.5 THz), the signal of the ref lected waveform shows strongly delayed components compared with the signal of the incident waveform. This strong delay implies that the frequency components in the reststrahlen band region are stored in the material for some time before being radiated.
The delay dependence of the overall ref lection spectrum is shown in Fig. 4 . demonstrates that the components of the frequencies in the reststrahlen band are stored in the material for some time before they are reradiated.
Next we discuss the origin of the long-lived oscillatory tail observed in the data of Fig. 1 . In Fig. 5 , the spectra of the long-lived oscillatory parts of both the experimental and the theoretical waveforms are shown. We obtained these spectra by taking the Fourier transform of the experimental and the calculated THz waveforms in the time interval after 1.5 ps. The peak position of this Fourier transform i.e., 8.75 THz, is slightly lower than the LO phonon frequency. Hence this oscillatory part constitutes the sharp shoulder in the ref lectivity that is observed just below the LO frequency.
Interestingly, the spectral width of the oscillatory part is much narrower for the experimental trace than for the calculated trace, which implies that the damping-time constant of the oscillatory tail is significantly longer than the damping-time constant of the TO phonon of GaAs measured with Raman spectroscopy. 9 However, the discrepancy between the experimental and the calculated spectral width of the oscillatory tail is certainly not simply the result of an incorrect choice of damping parameter G in Eq. (2) . Introduction of a longer damping time would lead to a large difference between the calculated and the measured traces at small delay values. Here it should be remembered that the calculation was based on the assumption that the TO-phonon resonance has a Lorentzian shape. Apparently the true shape of the absorption band deviates from a Lorentzian, especially in the wing near the LO frequency. Such a deviation is often observed and can have different origins, such as surface defect states 10 or frequencydependent damping as observed in GaP. 11 The present THz technique, in which the ref lectivity is measured in the time domain, is clearly a very sensitive method of measuring deviations from a Lorentzian line shape.
In conclusion, we have investigated the dynamics of the dielectric response near the lowest optical phonons of GaAs, using time-resolved THz ref lection spectroscopy. The time-resolved THz ref lection trace measured for GaAs contains a long-lived oscillatory component with a much longer damping-time constant than is observed for the TO phonon damping with Raman spectroscopy. The presence of this component shows that the absorption of the TO phonon differs from a simple Lorentzian shape. This illustrates that phase-sensitive time-resolved THz spectroscopy can provide a valuable tool for investigating the details of the dielectric response of far-infrared resonances.
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